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C03O4  nanowire  arrays  freely  standing  on  nickel  foam  are  prepared  via  template-free  growth  followed  by 
thermal  treatment  at  300  °C  in  air.  Their  morphology  is  examined  by  scanning  and  transmission  electron 
microscopy.  The  electrochemical  capacitance  behavior  of  the  self-supported  binderless  nanowire  array 
electrode  is  investigated  by  cyclic  voltammetry,  galvanostatic  charge-discharge  test  and  electrochemical 
impedance  spectroscopy.  The  results  show  that  nanowires  are  formed  by  nanoplatelets  packed  roughly 
layer  by  layer.  They  densely  cover  the  nickel  foam  substrate  and  have  diameters  around  250  nm  and 
the  lengths  up  to  around  15  p>m.  The  C03O4  nanowires  display  a  specific  capacitance  of  746  Fg-1  at  a 
current  density  of  5  mA cm-2.  The  capacitance  loss  is  less  than  15%  after  500  charge-discharge  cycles. 
The  columbic  efficiency  is  higher  than  93%. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrochemical  capacitors  (supercapacitors)  have  high  power 
density,  long  charge-discharge  cycle  life  and  high  energy  efficiency. 
The  combined  system  of  supercapacitors  and  rechargeable  batter¬ 
ies  or  fuel  cells  is  considered  to  be  a  potential  power  source  for 
electric  vehicles.  In  this  system,  supercapacitors  provide  the  neces¬ 
sary  high  power  for  acceleration  and  allow  for  recuperation  of  brake 
energy  [1  ].  The  development  of  high  performance  electrode  mate¬ 
rials  for  supercapacitors  has  attracted  increased  interests  in  recent 
years  and  three  major  types  of  electrode  materials  are  reported, 
including  carbon,  metal  oxides,  and  conducting  polymers  [2-4].  Out 
of  the  metal  oxides,  cobalt  oxides  and  hydroxides  are  reported  to  be 
promising  electrode  materials  for  supercapacitors  because  of  their 
high  redox  activity  and  great  reversibility  [5-23].  The  theoretical 
specific  capacitance  of  C03O4  is  3560 Fg-1  [5].  Very  recently,  by 
using  an  entirely  electrochemical  process,  Deng  et  al.  successfully 
prepared  a  nano-structured  cobalt  oxide  electrode,  which  shows 
a  specific  capacitance  as  high  as  2200 Fg-1  measured  at  a  poten¬ 
tial  scan  rate  of  lOmVs-1  [5].  Zhou  et  al.  prepared  novel  ordered 
mesoporous  cobalt  hydroxide  films  on  a  foamed  Ni  substrate  by 
electrodeposition  and  found  the  film  electrode  has  a  maximum  spe¬ 
cific  capacitance  of  2646 Fg-1  [18].  These  nano-structured  cobalt 
oxides  and  hydroxides  displayed  much  higher  capacitance  than 
their  conventional  bulk  counterparts,  demonstrating  that  nano¬ 
structure  has  significant  effects  on  the  capacitance  performance  of 
the  active  electrode  materials.  Nano-structured  electrodes  provide 
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large  surface  area  and  lead  to  a  high  utilization  of  materials  because 
pseudo-capacitors  store  charges  in  the  first  few  nanometers  from 
the  surface. 

C03O4  nanowire  arrays  supporting  on  conducting  substrates 
(serving  as  the  current  collector)  or  on  solid  electrolyte  membrane 
have  been  synthesized  using  template-free  or  virus-templated 
methods  [24-27].  These  Co304  nanowires  displayed  high  capacity 
and  rate  capability  as  the  anode  material  for  Li-ion  batteries.  The 
reversible  capacity  reached  around  700mAhg_1,  which  is  twice 
of  that  of  current  graphite  anode.  Our  recent  study  showed  that 
nickel  foam  supported  C03O4  nanowire  array  electrode  exhibited 
better  performance  for  H202  electroreduction  in  terms  of  both 
activity  and  mass  transport  property  than  conventional  nanoparti¬ 
cle  Co304/carbon/PTFE  electrode  [28].  The  superior  performance 
results  from  the  unique  nano-structure  of  the  electrode,  which 
make  the  electrode  have  large  surface  area  per  unit  volume,  high 
utilization  of  the  active  material,  and  excellent  mass  transport 
property. 

In  this  study,  Co304  nanowire  arrays  supported  on  nickel  foam 
substrate  were  prepared  via  a  template-free  synthesis  method. 
Their  electrochemical  capacitance  behavior  in  KOH  solution  was 
investigated.  This  self-supported  binderless  nanowire  array  elec¬ 
trode  showed  much  higher  specific  capacitance  than  conventional 
electrode  made  of  Co304  nanowires  or  nanoparticles,  conducting 
carbon  and  PTFE  binder. 

2.  Experimental 

C03O4  nano  wire  arrays  supported  on  nickel  foam  were  pre¬ 
pared  via  a  template-free  growth  method  [24,25,28].  Briefly, 
12  mmol  Co(N03)2  and  6  mmol  NH4NO3  were  dissolved  in  a  solu- 
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tion  consisting  of  35  cm3  H20  and  15  cm3  ammonia  (30wt%). 
The  solution  was  magnetically  stirred  for  10  min  in  air  at  room 
temperature  and  heated  at  90±1°C  for  2h  in  an  oven.  This 
solution  is  ready  for  nanowire  growth.  A  piece  of  nickel  foam 
(10  mm  x  10  mm  x  1.1  mm,  110  PPI,  320  gm-2,  Changsha  Lyrun 
Material  Co.,  Ltd.  China)  was  degreased  with  acetone,  etched 
with  6.0  mol  dm-3  HC1  for  5  min,  rinsed  with  water,  soaked  in 
0.1  mmol  dm-3  NiCl2  solution  for  4h,  rinsed  again  with  water 
extensively,  and  immersed  in  the  growing  solution  for  14  h  at 
90  ±  1  °C  to  allow  growth  of  nanowires.  The  nickel  foam  covered 
with  nanowires  was  washed  with  H20,  dried  at  room  temperature 
for  6h,  and  then  heated  at  300  °C  for  2  h  in  air  to  obtain  the  final 
electrode.  The  1  cm2  electrode  contains  16  mg  Co304  nanowires. 
The  morphology  was  examined  by  scanning  electron  microscope 
(SEM,  JEOLJSM-6480)  and  transmission  electron  microscope  (TEM, 
FEI  Teccai  G2  S-Twin,  Philips). 

Electrochemical  measurements  were  performed  in  a  conven¬ 
tional  three-electrode  electrochemical  cell  using  a  computerized 
potentiostat  (Autolab  PGSTAT302,  Eco  Chemie)  controlled  by  GPES 
software.  The  nickel  foam  supported  nanowire  arrays  acted  as  the 
working  electrode.  A  blackened  Pt  gauze  behind  a  D-porosity  glass 
frit  was  employed  as  the  counter  electrode.  A  saturated  calomel 
electrode  (SCE)  served  as  the  reference.  All  potentials  were  referred 
to  the  reference  electrode.  All  electrochemical  measurements  were 
performed  at  room  temperature  in  aqueous  KOH  solution.  All  solu¬ 
tions  were  made  with  analytical  grade  chemical  reagents  and 
Millipore  Milli-Q  water  (18M£2cm).  Electrochemical  impedance 
spectroscopy  (EIS)  measurements  were  carried  out  by  applying  an 
AC  voltage  with  5  mV  amplitude  in  a  frequency  range  from  0.01  Hz 
to  100  kHz  at  open  circuit  potential. 


3.  Results  and  discussion 

3.1.  Characterization  of  the  Co304  nanowire  array  electrode 

Fig.  1 A  and  B  shows  the  SEM  image  of  the  C03O4  nanowire  arrays 
attached  on  nickel  foam  skeleton  and  the  TEM  image  of  a  single 
nanowire  scratched  down  from  the  nickel  foam,  respectively.  The 
nanowires  densely  covered  the  nickel  foam  substrate  and  have  rel¬ 
atively  uniform  size.  The  diameter  is  around  250  nm  and  the  length 
is  up  to  around  1 5  p,m.  TEM  shows  that  the  nanowire  is  formed  by 
nanoplatelets  packed  roughly  layer  by  layer  (Fig.  IB).  SEM  shows 
that  the  nanowires  grow  in  random  direction  and  cross  each  other 
(Fig.  1A).  This  growth  pattern  differs  from  that  reported  by  Li  et 
al.  and  our  group  [24,25,28].  These  previous  study  demonstrated 
that  C03O4  nanowires  grow  almost  vertically  from  the  surface  of 
substrate,  e.g.,  Si,  Ti  and  foamed  Ni.  The  difference  probably  results 
from  the  different  nanowire  growth  condition.  In  this  study,  higher 
concentration  of  Co(N03)2  and  NH4NO3  and  longer  growth  time 
than  previous  studies  were  used  in  order  to  obtain  higher  Co304 
nanowire  loading  (16  mg  cm-2  in  this  study  vs.  around  8  mg  cm-2 
in  previous  studies)  [28].  We  have  demonstrated  in  our  previ¬ 
ous  study,  by  X-ray  diffraction,  infrared  spectroscopy  and  thermal 
gravimetric  analysis,  that  the  nanowires  are  pure  spinel  Co304 
[28]. 


3.2.  Electrochemical  properties  of  the  C03O4  nanowire  array 
electrode 

Fig.  2  shows  the  cyclic  voltammograms  (CV)  of  Co304  nanowire 
arrays  recorded  in  6.0  mol  dm-3  KOH  solution  at  different  scan  rates 
between  5  and  50  mV  s-1 .  Two  pairs  of  redox  peaks  were  observed 
at  5  mV  s-1  scan  rate,  which  correspond  to  the  conversion  between 
different  cobalt  oxidation  states  according  to  the  following  equa- 
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Fig.  1.  The  SEM  image  of  the  Co304  nano  wire  arrays  attached  on  nickel  foam  skele¬ 
ton  (A)  and  the  TEM  image  of  a  single  nanowire  scratched  down  from  the  nickel 
foam  (B). 

tions  [5,7,29]: 

C03O4  +  OH-  +  H20  3CoOOH  +  e-  (1 ) 

CoOOH  +  OH-  4^  Co02  +  H20  +  e“  (2) 


Fig.  2.  Cyclic  voltammograms  of  Co304  nanowire  arrays  recorded  in  6.0  mol  dm-3 
KOH  solution  at  different  scan  rates  between  5  and  50  mV  s_1 . 
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Fig.  3.  The  first  and  second  charge-discharge  curves  of  the  C03O4  nano  wire  array 
electrode  in  6.0  mol  dm-3  KOH  solution  at  a  galvanostatic  current  density  of 
10  mA  cm-2. 

With  the  increase  of  the  scan  rate,  anodic  peaks  overlapped  and 
cathodic  peaks  shifted  toward  negative  potential,  indicating  the 
quasi-reversible  feature  of  the  redox  couples.  The  large  difference 
between  the  anodic  and  cathodic  peak  potential  is  likely  related  to 
the  low  electronic  conductivity  of  the  long  nanowires  because  no 
conducting  carbon  were  used  in  this  electrode.  Fig.  3  shows  the  first 
and  second  charge-discharge  curves  of  the  Co304  nanowire  array 
electrode  in  6.0  mol  dm-3  KOH  solution  at  a  galvanostatic  current 
density  of  10  mA  cm-2  (0.624  A g-1)  in  the  potential  range  of -0.05 
to  0.38  V.  The  discharge  curve  consists  of  two  sections,  a  sudden 
potential  drop  followed  by  a  slow  potential  decay.  The  first  poten¬ 
tial  drop  results  from  the  internal  resistance  and  the  subsequent 
potential  decay  represents  the  capacitive  feature  of  the  electrode. 
The  obvious  deviation  of  the  shape  of  the  discharge  curves  from 
straight  line  (Fig.  3)  and  the  shape  of  CV  from  the  ideal  rectangu¬ 
lar  shape  (Fig.  2)  revealed  that  the  pseudo-capacitance  is  not  pure 
double-layer  capacitance,  but  faradic  capacitance,  which  mainly 
originates  from  the  redox  reaction. 

Fig.  4  shows  the  discharge  curves  of  the  Co304  nanowire  array 
electrode  measured  at  different  discharge  current  densities  within 
the  potential  window  of  0-0.35  V  in  6.0  mol  dm-3  KOH  solution. 
The  specific  capacitance  can  be  calculated  according  to  the  follow¬ 
ing  equation: 


Fig.  4.  The  discharge  curves  of  the  C03O4  nanowire  array  electrode  measured  at 
different  discharge  current  densities  in  6.0  mol  dm-3  KOH  solution. 


Fig.  5.  Dependences  of  the  discharge  specific  capacitance  and  the  columbic  effi¬ 
ciency  on  the  charge-discharge  cycle  numbers.  The  charge-discharge  tests  were 
performed  at  10  mA  cm-2  in  6.0  mol  dm-3  KOH  solution. 

where  Cm  (Fg_1)  is  the  specific  capacitance,  Id  (mA)  is  the  dis¬ 
charge  current,  At  (s)  is  the  discharge  time,  A V (V)  is  the  potential 
change  during  discharge,  and  m  (mg)  is  the  mass  of  the  active  mate¬ 
rial  within  the  electrode  (16  mg).  The  specific  capacitance  values 
of  the  C03O4  nanowires  evaluated  from  the  discharge  curves  are 
746,  727,  639,  and  568  Fg-1  at  the  current  density  of  5,  10,  20, 
and  30  mAcnrr2,  respectively.  Such  large  values  of  capacitance  can 
be  attributed  to  the  unique  porous  nano-structure  and  the  large 
specific  surface  area  of  the  nanowires  [24].  These  capacitances  are 
much  higher  than  that  of  C03O4  nanowire  array  prepared  using 
the  anodic  alumina  oxide  template  method  [9].  The  decrease  of  the 
capacitance  with  the  increase  of  the  discharge  current  density  is 
likely  caused  by  the  increase  of  potential  drop  due  to  the  resistance 
of  the  nanowires  and  the  relatively  insufficient  Faradic  redox  reac¬ 
tion  of  the  active  material  under  higher  discharge  current  densities. 
The  specific  capacitance  obtained  at  the  slowest  scan  rate  is  more 
close  to  that  of  full  utilization  of  the  active  material  of  the  electrode. 

Fig.  5  shows  the  dependence  of  the  discharge  specific  capac¬ 
itance  and  the  columbic  efficiency  of  the  electrode  on  the 
charge-discharge  cycle  numbers.  The  charge-discharge  experi¬ 
ments  were  performed  at  a  current  density  of  10  mA  cm-2  within 
the  potential  window  of  0  to  0.35  V  in  6.0  mol  dm-3  KOH  solu¬ 
tion.  The  columbic  efficiency  was  calculated  using  the  following 
equation: 

r)  =  9.  x  100  (4) 

tc 

where  tc  and  td  represent  the  time  of  charge  and  discharge,  respec¬ 
tively. 

As  shown  in  Fig.  5,  the  discharge  specific  capacitance  decreased 
to  86%  after  500  cycles,  indicating  that  nanowire  electrode  has 
relatively  good  electrochemical  stability.  The  columbic  efficiency 
ranged  from  93%  to  98%.  The  repetitive  charge-discharge  cycling 
does  not  induce  noticeable  changes  of  the  nanowire  structure. 
Resistance  is  an  important  aspect  of  a  supercapacitor  electrode, 
which  was  investigated  by  electrochemical  impedance  spec¬ 
troscopy  analysis.  Fig.  6  shows  the  Nyquist  plots  of  Co304  nanowire 
array  electrode  before  and  after  charge-discharge  cycling  mea¬ 
sured  at  open  circuit  potential  in  6.0  mol  dm-3  KOH  solution.  The 
spectrum  measured  before  charge-discharge  displays  a  semicircle 
at  high  frequency  region  and  straight  lines  with  slope  of  52°  and  72° 
at  low  frequency  region.  The  semicircle  is  related  to  Faradic  reac¬ 
tions.  The  52°  straight  line  corresponds  to  a  Warburg  impedance 
related  to  the  diffusion  of  electrolyte  within  the  pores  of  the  elec¬ 
trode.  The  72°  straight  line  shows  the  capacitance  nature  (vertical 
line  for  an  ideal  capacitor).  This  EIS  profile  is  typical  for  an  electro¬ 
chemical  capacitor  [1].  After  500  charge-discharge  cycles,  the  EIS 
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Fig.  6.  Electrochemical  impedance  spectra  of  C03O4  nano  wire  array  electrode  before 
and  after  charge-discharge  cycling. 


capacitance,  which  can  be  attributed  to  the  decrease  of  the  elec¬ 
trolyte  starvation  near  the  nanowire  surface  and  the  reduction  of 
internal  resistance  effect  at  high  concentration  electrolyte. 

4.  Conclusions 

C03O4  nano  wire  arrays  supported  on  nickel  foam  were  suc¬ 
cessfully  prepared  by  a  simple  template-free  method.  The  nickel 
foam  having  three-dimensional  network  structures  serves  both 
the  support  of  Co304  nanowires  and  the  current  collector  of  the 
electrode,  which  makes  the  electrodes  have  large  surface  area  and 
eliminates  the  use  of  ancillary  conducting  material  and  binder.  The 
open  spaces  between  neighboring  nanowires  allow  for  easy  diffu¬ 
sion  of  electrolyte  into  the  inner  region  of  the  electrode,  resulting 
in  reduced  internal  resistance  and  improved  capacitance  perfor¬ 
mance.  Each  nanowire  has  its  own  contact  with  the  nickel  foam 
current  collector  ensuring  all  nanowires  participate  in  the  elec¬ 
trochemical  reaction,  and  thus  enhanced  the  utilization  of  active 
materials.  A  specific  capacitance  of  746  Fg-1  at  a  current  density 
of  5  mAcrrr2  is  achieved  ascribed  to  the  unique  nano-structure  of 
the  electrode. 

Acknowledgements 


Fig.  7.  Cyclic  voltammograms  of  the  nanowire  array  electrode  in  KOH  electrolyte  of 
different  concentrations  at  a  scan  rate  of  5  mV  s-1 . 

spectrum  only  shows  a  semicircle  at  high  frequency  region  and 
a  72°  straight  line  at  low  frequency  region.  The  charge  transfer 
resistance  is  about  0.75  £2  before  charge-discharge  and  remains 
nearly  unchanged  after  500  charge-discharge  cycles.  These  results 
demonstrated  the  good  electrochemical  stability  and  the  pseudo¬ 
capacitance  characteristics  of  the  nanowire  array  electrode. 

The  effect  of  concentration  of  KOH  electrolyte  was  investigated 
by  cyclic  voltammetry.  Fig.  7  shows  the  cyclic  voltammograms  of 
the  nanowire  array  electrode  at  the  scan  rate  of  5  mV  s-1  within  the 
potential  range  of  -0.5  to  0.6  V  in  KOH  electrolyte  of  different  con¬ 
centrations  between  0.5  and  8.0  mol  dm-3.  As  the  figure  shows,  the 
anodic  currents  increased  with  the  increase  of  the  concentration  of 
KOH  electrolyte,  indicating  the  increase  of  specific  capacitance  with 
the  increase  of  KOH  solution.  The  voltammograms  were  more  dis¬ 
torted  at  low  electrolyte  concentration.  When  the  concentration 
of  KOH  is  lower  than  1.0  mol  dm-3,  the  CV  did  not  show  well- 
resolved  anodic  peaks.  As  the  concentration  of  the  electrolyte  was 
increased  to  higher  than  1 .0  mol  dm-3,  two  anodic  peaks  started  to 
be  seen  and  their  resolution  improved  with  the  KOH  concentration 
increase.  Clearly,  the  use  of  high  concentration  KOH  benefits  the 
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